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SUMMhRY

The performance of the turbine component of an NACA research
set engine was investigated with cold,air. The interaction,and
the matching of the-turbine with the NllCAeight-stage compressor
weqe computed with the combination considered”as a jet engine and
th6 over-all performance of the engine then determined. The
internal aerodynamics were studied to the extent of investigating
the performance of the first stator ring.and its influence on the
turbine performance. For this ring, the stream-filament check on
velocity distribution permtt,tedefficient sections to be designed,
but the design condition of free-v~rtex flow with uniform axial
velocities was riotobtained. The actual air flow was 0.964 of the
design
design
clency
design

value at design pressure ratio-a,ndspeed, and was 0,98 at
speed and enthalpy drop. Fotative speed for optimum effi-
(0,875) was 180 revolutions per second as compared with the
speed of 134 revolutions per second (efficiency 0.823).

INTRODUCTION

The NACA two-stage turbine was designed and built under the
direction of Mr. Eastman N. Jacobs by the staff of the NACA
Cleveland laboratory as a component of a jet engine,which served as
a tool for the study of the behavior of this engine type. The
compressor componen~ of the engine was to be the JVACAeight-stage
compressor discussed in references 1 to 3. The turbine investiga-
tion reported herein was readsat an air temperature of 190° F for a
range of corrected speeds frc& 102 to 182 revolutions per second
and pressuie ratios from 1.16’to 2.60. The purpose of this investi-
gation was to evaluate the blade design procedure by determining the
performance or the first stator ring’and its influence on over-all
turbine performance, to determine the performance of the turbine
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without the constraint imposed by orerating the compressor and
turbine together, and to use thess data to investigate the matching
of the turbine and the compre~sor.,

DESCRl&TION OF THE TURBINE

Dosi~ conditions, - The turbine was desipyod.— “.— —
operating conditions: inlet pressure, 2400 pounds

for the fo~lowin~
per sque,refoot;

ffiletternpc+ratuxe,1,,400°R; & f’lOW,-4,18pO&Nl@per sec~nd; power-
outpv.t to the sh~ft, 296.5 horsepower; and rotor speed, 13,01.0rw,
For operation in the ,~etengine, tileassumed compressor presmre
ratto was 3.36; the cornpwssor inlet-air temperature, 440° R; and
the comprossm? inlet-air pressure, 73? pounds pcr square foot.
Flight speed was 470 miles per hour and al.titudo,33,000 feet.

The turbine w&k ’ou~putwas so divided between the stages ‘that
the ratio of the te?nperature.dropto average temperature for each
stage was the same for both stages in order to maintafn Mach numbers
approximately the same for the two.sta~es. The velocities between
blade rings are shown in,the following-table:

—,’

Station

Entrance etator I
Exit stator I
lhtrance rotor I
Exit rotor I
Entrance stator II
Exit stator II
Entranca rotor II
Exit rotor II
Entrance stator III

T613city
:ft/see)

209
228,
226 ‘
269
269
290
290
346
346

velocity
at root
(ft/sec~

o
933
422
-828
-317
898
587

‘-816
-305

Tangential
velocity
at tip-

~
0

600
-195
-999
-204
578
-217
-%31
-196

These velocities were computed “onthe assumption of radial equilibrium,
consttit gas energy and ,ezrtropy,and free-vortex flow from root to “ .
tip. These assuuptlons result in a constant axial velocity over the
blade span, which m&y be,demonstrated by consideration of the condi-
tion for radial equilibrium of pressure with no radial flow.

G112
.dp=p~dr’ (1)
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where

P pressure, (lb/sq ft)

P density, (slug/cu ft)

Cu whirl velocity component, (ft/see)

r distance from axis of annular channel, (ft)

For convenience, the symbols used.in this report are defined in
appendtx A.

The equation rela$i~ enthalpy change to entropy change ts

,.

dH-=Tds +%

‘where
..

H enthalpy, (ft-lb/slug)

T temperature,.(OR)

s entro.pyj(ft-lb/slug/OR)
,,

Therefore,
.,

The energy equation is

d% = dH +d~~
)... ,

where c is the velocity in feet per second and the subscript T
indicates stagnation state. ,.

If the flow’is isentropic and tha gas of unifom ener~ level,

(2)

d% =dS=O
.,

..
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where ca is the axial velocity

(?)~2 CU2
d— = -Tdr (3)

component in feet per second.

()Ca’ 2 dr
()

Caz
O d~= +cudcu+cu~=d~ + ~ d(rc~l)2 (4)

‘r2

If the moment of momentum is constant, d(rcu) = O and Ca.’is
therefore constant. The type of motion where rcu Is a constant is
designated free-vortex flow because the radial distribution of whirl
veloolty is the same as that for an isolated vortex filament.

In the design procedure, the aasumptlon was made that all the
losses took place in the rotor and the stage efficiency TTCW 0.90
based on total pressures and temperatures.

The flow channels between the blade? were designed to provide
guidance at the discharge by making both walls nearly parallel to
the desired flow angle for a distance approximately equal to the
exit channel width. FYorathe channel exit toward the entrancaj
along the suction (convex) side of the blade, the radius of curvature
was decreased as the channel width Increased to the region near the
leading edge. The camber line was pointed in tt,edlrectton of the
incoming flow. Blade trailing edges were 0.03 inch thick, except for
the second row of stator blades, which were castings with trailing-
edge thickness varying from 0.020 to 0.015 inch. The leading-edge
radius of curvature was taken as 15 percent of the maximum thickness.

,.

When a blade section had thus been roughly designed, the
velocity distribution on the suction side of the blade was computed
by means of the stream-filamenttheory descrtbed in reference 4.
This method was modified to account for the varying mass flow per
unit blade height in the’channel caused by radial flow by assuming
for each section a linear variation of the mass flow per unit blade
height along the middle streamline from the entrance to the exit
values. If necessary, the suction surface shape was modified to
keep the velocity on this surface nearly constant. No Information
was obtained in this fashion about the airfoil nose or the projectln~
suction side of the blade (section A-B, fig. 1) because the stream-
f’ilamenttheory of flow in channels ts inapplicable in this region.
Figure 1 shows the entrance-nozzleroot seotion.

,,
Construction. - The turbine consists of two stageu of rotor

blades and thi?ree “stagesof stator blades. Reaction in both the rotor

.

.



NACA TN NO. 1459 5

stages may be increased by the use of a final statrm stage, which
also insures efflctent jet-nozzle operaticn over a wide range of
turbine and compressor operatipg conditioz.sby eliminating the
rotation of the discharged gas. A downstream view of the first ring
of stator blades Is shown in figure 2. The second ring (upstream
view) and third rfng of stators (bwnstream view) are shown in fig-
ures 3 and 4, respectively. The rotor is shown in figure 5. All
rotor and stator blades had an inner diameter of 9 Znches and an
outer diameter of 14 inches. The rotor blades are fastened to the
wheelby a Christmas-tree t~e blads base. For this investigation,
a set of sleeve bearings were used. All blades had a radial tip
clearance of 0.035 Inch.

APPJUVLTUS

Cascade-rinG test a~aratus. - The first stator ring was.—
mounted b~tween two concentric pipes with a belhnouth entrance and.
room air was c?rawmthrou@l the ring. About 2* Inches downstream

of the cascade, two total-pre~sure tubes and two flow-direction
t~lbesw~re mo~~nteato provide for radial.surveys. The whole
casca&e could be rotat.gdfor tangential surveys. Static-pressure”

taps were loss.ted2L fnches downstream of the cascade at the inner
2

and outer walls. h other studies, the b~~darY-lWer thic~es~
on the suction surfacs of the blade was measured a%out 1/4 inch
from the tr>iling edge by means
A static-presmuw tube we&laid
layer measurements were made at

of rakes Or small impact-tubes.
against the blade. These boundary-
radial positions 1/4 inch from the

outer radius, and 9/16 inch from

the outer radius.

Turbine-performance test apparatus. - For over-all performance
‘i-rbine was mounted as shown in figure 6. Themmasuramerms.

whole unit wh inserted into a &rum; the large plate-at the front
formed one end of the drum. Therm.r end of the drum was sealed
by bolting the rear flange of the turbine-discharge duct to the
edge of the hole in the rear plate of the drum. T“haantfre drum
was air-tight except $or one large part in the cylindrical surface,
which served aa the air inlet. ‘l’hegas prosed through a webbed
section snd tho sorems into the turbine and discharged from the
re~ of the turbine.

The power-absorption unit was a water dynamometer. Air flow
was determined.from an orifice melierin the intake line. Total-
pressure and temperature surveys were made upstream tid downstream
of the turbine by means’of total-pressure tubes and thermocouples
with velocity-recovery heads.
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., Perfomuance of First Stator’Ring

The.first “stakorring was investigated to determine from the
boundary layefion’the blade surface whether the design method satis-
factorily avoided flow separation tid .tofind from this boundary-
layer survey the drag associated with this layer and its effect on
turbine efficiency. A further object was to survey the distribution
of the velocity discharged from the stator ring and to find its
effect on turbine performance. These mea~urementu were used to
evaluate the turbine-desj.gnprocedure and to suggest improved
procedures when disagreement exists between theoretical and measured
velocity distribution.

Blade-surface boundary-layer survey. - The boundary-layer
surveys on the convex side of the blade at the trailing edge are
sho~m in figure 7. For comparison, the momentum thicbess was also
computed for a turbulent bcundary layer on a flat plate of chord
equal to the suction-surfacearc length. For all blade sections,
the equivalent flat-plate boundary-layer thickness was about “
4).0037inch, which is near the average measured value for tho whole
blade. Becausea trailing-edgethickness of 0.030 inch was required
to prevent warpage of the blades under heat, the increment in drag
caused by the momentum thickness of the boundary layer 3.ssmall,
From the momentum equation, tiieformula for energy loss in the blade
wake is.

Loss per slug

ca2

(. )

tf,2

-Z- - tf’
2-

[

Ca 1 ,-
l-—

1

RT - 7(1 - tf)‘1
where

t blade trailing-edge thickness plus moment~ thickness of boundary
layer, (ft)

tf fraction of axial.-fl,owarea blocked by trailing edges of blades,

(
t

)
——..
s Cos c~ ..

s blade pitch, (ft) ‘

WN angle between trailing edge and normal to cascade,axis

.

.,

.,,
.,,
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,.

R’ gad constant, (ft~lb)/(slug)l(OR) ‘“’’’,”-“ ‘-“ ‘ ‘

Y ratio of epecffic heats
,..

This equation is derived in”appendix Il.

Computation f:r tile‘designpoint at the ro~t-mean-squere radiu”s

of 160 foot-pounds per slug for an asmuwlgives a value of /97dS .

$boundarry-layerth ckness of 0.0040 inch. F?r,,arough estimate of
the effectfioi?tileblade wake on turbine efficiency, the average

value of I TdS would be about 200 foot-pounds per slug (because
d

2 through the turbine) if the blades were theof the inorease of Ca
seinefar all s3tages. Becavse of the.vaxyzng number of blades in
. .
each stage, ~TdS isapproximately eq~aIto 2100 foot-pwmdspcw

slug for the” ive sets of blades.
z

13ecausetke design work output
is 1.255 x 10 foot-pounds per slug, theloss in turbine efficiency
based on this factor is ~ ~

~ = 13*(3132

1.255 X 106
‘, .

Iz@mtich as Wnis computation shows very little effect of blade wake
OQ turbine efficiency, the method of blade-section design is
considered satisfactory.

Flow-direction surveys. - Direction-survay datafor 1.0mqamre-
ments in a space equal to one blade pitch am shown in fi@?e 8;
the surveys”were made simultaneously over opposite sides of the
cemcade ring. On each plot.the design angle of flow for that radius
is shown; the difference in average engle obtained in surveys on

. opposite sides of the cascade may rosul.tfrom variations in blede
spacing and orientation. Ne,arthe inner radius (fig. 8(a)) the air
is turned too far whereas at a radius of 0.449 foot (tig. 8(b)) the
air is insufficiently turned. From a radius of about 0.5 foot to a
radius of 0.542 foot, the turning is about 1° too low. Figure 9
shows surveys wound a sectoh al?the cascade; each station is
removed from”the next by one blade space. At the inner and outw
radii, variations aa high as 4° around the annulus aro ,preaent.
The radial distribution of turning-angle discrepancies observed h
the surveys over single blade spaces are prase~t in the survey refer
the w~ole.ring. Both surveys show that the assumption of flow-
direction distribu%lon corresponding to the free-vortex condition
is inadequate for an accurate description of the flaw.
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Veloclty distributions. - The gas velocities were computed on
the assumption of radial equilibrium. This condition can be dated
as

0U2 0u2 dr
dp =p~dr=7p—— a? r

where a is the local sonic velocity in feet per second, Becauke

[1
-1z-.

~u2
(’)

Y
= ~2 = ‘2 a2 ‘T

-F/
-1

sin2 cp” Y-1’

a substltu~ion gives -.

[) 1

ZQ
Y’

Q ..L. (9
P7 -l\p

-1 sin2cp* (5)

where cp is the angle between flow direction and normal.to cascade
axis. The data obtained in the surveys were the radial distribution
of the flow direction q and of the total presmre pT. The static
pressure was obtained at the inner and outer radius. Thus q) and PT
as func’ti.onsof r and the two boundary values for p are known.
Xf the Picard method of successive approximations ie used, the solu-
tion ib obtafned by assuming a function p(r), insertt~ it into the
right side, integrating to get a new function p(r),”and repeati~
with the new p(r). The initial point chosen was (rr, Pr), where
the subscript r indicates the inner radius. This solution, how-
ever, results in a value for the static pressure at the outer
radius pt that does not agree with the measured value. Because
the total-pressuremeasurements were obtained with a claw tube,
interference between the tubes made the total-pressure readings less
reliable than the direction and static-pressuremeasurement~. The
equation was therefore used to compute the shape of the pressume.
gradient curve, ail values of which were then multiplied by the sa&

faotor.that made]/ dpp= 10% Pt/Pr equal to the measured value,,

The values of cu2/a2 obtained ky use of’equation (5) were used with
the measured.values of’ cp to compute the aXial-VelC)City,COmPOllent.
For a perfect isentroplc, isoenergeticfluid passing through a “
cascade of blades so designed that r tan q is constant (for this
row of stator blades r tan cp = 1.535 ft), the value of ca and
rcu are constant over the radius regardless of the flow Mach
number H’ the flow follows the desired direction and if radial
equilibrium is established.

.

.-

.

.



IUCA TN No. 1459 9

... ,..

The axial-velocity distributions are shown in fi@re 10 aa a
function of-radius for several.rates of air flbw. The thick, 10W-
ener~ layer’near the inner shroud corresponds to the region of
overturning noted”in the direction surveys. Next ’to’this,r~@on
is a local region oontainlng a velocity maximum. This region d
extreme under@rning was noted in the.directioh surV9Ys; The’‘‘
boundary leye~”on.the outer shroud is:quite thin., The plot of ‘
monmnt-of.-momentumparameter rcu/~ (fig. 11) shows the same
thick inner boundary layer and thin outer bound~y l%Ver. me “
region of hfgh axial velocity doesnot have a corresponding &egion
of hzgh moment of momentum, which explains the Underturning in
this region. This discrepancy between excessive axial velocity
component and low moment of momentum means that the flow into”this
region from the inner shroud, hence the butld-up of,the boundary
layer, did not take place ma$$ily&nSlde the blade channels where
tt would cause an increase in rcu ,at the discharge, but primsril~
occtzrredoutside the nozzle ch~el. ,, .’

An increase in Iow-energy region”on’the inner slmoud occurs
with inm?ease ‘trimass flow. Because all flowe are subsonic, it is
assumed that this is a
dynamically similar to,,

and

Reynolds number effect, For hl$hfl.&s
I.OWflows .

where subscripts h and 7 indicate the’high-flow and low-flow
conditions, respectively, and L is the characteristic length. The
distance behind the blades.rather than the blade height is selected
as L because the viscous effects do not extend from the inn& to
the outer shroud, although this state is almost’attained at the
highest flow. The coalitions Just cited imply that Lh CLZ, which
means that the surveys taken at high flows correspond to low-flow
surveys taken farther downstream. This interpretation is useful
because the data for”various flows at one position may be interpreted
as corresponding tb the seinefloirat various survey planes. This
interpretation is not exact because dynamic similarity implieb
geometric similarity, which is not maintained in the blade sections.

~~ysical interpretation of velocity and direction distribution.
A change from potential flow occurs near the blade shrouds because
of the lar~e viscous forces. The concave surface cf’.$heblade Zs
a high-pressure r,eglonand the ccmvox surface is a low-pressure
region (A-B, fig. 1) that “extendsbeyond the channel between the
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blades. In the main body of the flow (the region not near the blade
root nor tip), the’momentum ‘ishigh enough to carrY the flow in”a
direction transverse to the pressure gradient. AdJadent:to the
inner and outer shrouds is a region of low momentum induced by
friction with thesewalls and by turbulent and viecous shearing
stresses. This low-momentunlfluid’flows almost directly in the
direction of’the pressure gradient induced by the potential flow on
the blade surfaces.’ The velocity of these low-energy boundary
layers at the sh&ouds’has acomponent oppdsed to the main axial-

“ flow cqmponent, and also a’component in,the direction of rotation
of the main body of the fluid. l%is boundary layer at the shrouds
IS therefore built Up bfter ~ischarge from the channel section B-C,
(fig. 1) althobgh some build~up may take place tnside.the channel.
This”layer of airwi’11 therefore appearto be overturned (fig. 8)
even though both velocity comp’onents”are low. The build-up of this
boundary’laye& at the shrouds causes a radial flow, which in turn
induces a high axial velocity in an adJacent local reg~on (fig. 10),
and thus the air is upderturned (fig. 8) ,althoughits tangential
component may be equal to the design value.

A radical ‘differenceis noted in the thidcness and thic~ess
development with velocity of the boundary layers on the inner and
outer shrouds (figs. 10 and 11). It may be simply demonstrated that
this effect is caused by the stability of the inner boundary layer
and the instability of the outer layer. The radial accelerating
force on a fluid element of mess pdr rdA is the difference between
the centrifugal force (pdr rdA)cu2/r and the pressure gradient
force

where rdA is an element of length along cascadeaxis at radiue r.

(%)2 1 Q ~ stable
The ’radialforce per unit mass is then - - -,, r3 P dr’
rotating body of fluid has a~net radial force of,zero ever~here.
If a particle of fluid at position r with,moment ‘ofmomentum rcu
is displaced toa position rd where,the prevailing mOment of
moment~ is (rcu)d and where equilibrium establishes a pressure
gradient of

(

(rcu)d2
L$Q) .—,, ‘pd drjd rd3, ,, .“

then according to the principle of conservation of mouentum lihe
particle will retain its original momentof momentum. The unbalanced
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forceper unit volume on.the partldle In its new position in the ~
pressure field therefore is ,

~(rc~)2 dp(’) p(rcu)2- ~d(rcu)d2’—. . =
rd3 dr,d rd3

,, If a particle from the low-veloc3.tyboundary layer -ls’displaced
radially to a region of higher moment of momentum, the resulting
force on the flutd is negative,~d tends to send-the particle
inward., The stability of the inner boundary.layqr and the tnsia- ‘
bility.of-the outer boundary layer awe ‘therebyexplained. further-
more, any particles of fluid in the main stream that have a low,
moment of momentum ”(suohparticles -y come from the blade wake or
from the boundary layer of the outer slqroud)also tend to collect
along the inner shroud, thus ?mildlng up ,thisboundary layer at a
greater rate than by friotion alone.”’

,“
This reasoning is supported by figure 10, which shows a thick

inner ”layerand a thin outer layer. As predicted the inner boundary
layer builds up and the gmter layer thins out with increasing
velocity (which corresponds to increasing distance from the cascade).
‘lb same general character is shown.in the.curves of the moment:qf
momentum (fig. 11). For a rotatiqg inner shroud, the boundary layer
is therefore unstable; whereas for the rotating outer shroud, the
iayer is ,stabl.e;..a”minimum thickness in all boundary layers is
therefore obtainedby having a rotating inner shroud anda stationary
outer shraud,as in the compressor component of the engine for which
this turbine was designed., .

Relation of cascade performance to desi~n and turbine perform-
ance, - The purpose of the cascade is to impart a desired moment of
momentum to the air. For turbine power, the radial distribution of
moment of momentum is not as significant as the mass distribution
of the moment.~f monent~, which$is shbwn’in figure 12. The mass
flow IQ between the inner shroud and a radius r is therefore a
function of r. The ourves are more nearly constant than the curves
of figure 11, shcw$ng a very steep rise fr~ zero at both shrouds.
Thedesign value of the mass’-floyparameter W/gpT,3aT,3 ‘s
0.0723 square foot, slightly lower than the lowest test condition,
which was 0.0757 square foot. (W, weight flow through the set of
nozzles, lb/see; g,, gravitational tactor; subscript 3 indicates
state:of air “entering.-t.hese%,of vanes,) In order to compare
measured values of rcu with design values, use is made of the
fact that, for a perfect fluid, if “rcu and the energy are constant
-forone f~ow, rcu and Ca” are constant,over the radius for any
other flow and &cu/ca is oonstant for all”flows and radii. The

,.,
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mass averaged ?Sa was computed and the
plotted against the mass-flow parameter
which shows that the effective angle of
design angle. .,

NACATN No. 1459

parameter rcu/& was

m/f3PT,3aT,3 in figure 13,
turning ie smaller than the

In order to estimate the weight flow at the design pressure
drop, use is made of the fact that for this turbine, the corrected
weight”flow as a function of pressure ratio is independent of qpeed.
Because for subcritical fl.ow~the pressure ratio over the hozzle is
a function onl.y’ofthe weight-flow parameter, which in turn is a
function of the turbine over-all pressure ratio and’independent of
speed, ‘thepressure ratio!df the first stators is ‘thereforea
function of’the pressutieratto of the whole turbimand Mdependemt
of speed.’For this turbine, the relation of’weight flow and pressure
drop caiib6 computed from’conditions at the root-mean-square

1

-.,..
radius $ (rr2 + rt2) using the entire flow area and the results

are near y the same as those obtained by computation and integra-
tion over the whole blade ,hqight..The pressure ratio or the
corresponding c/aT,3 at the root-mean-square radius is therefore

taken as typical of this stator. The design pressure drop over the
whole turbine is therefore assumed to prevail when c/aT 3 is
equal to the design value at the root-mean-square radius)of the
first stator. ., ,’.’

,,,..

The area of flow Is blocked principally at the inner shroud,
The air flow is estimated by assuming-an effective area that remains
unchanged from ’tliecondition of lowest $1OW of the nozzle-ring tests
to the design condition. The actual velocity ratio “ ;:

,,
. ...

tip~ieS a certain density ratio h/~T fOr isentropic flow. The
effective flow area & Is computed from.’

and from the data for the lowest-flow condition. Worn the value
of ~/~ and ~/~T for the desi$n COKiiiitiOIMIand the effective area,
the flow at design pressure ratio and standard atmospheric condition
for the entering stagmationstate ~s 5.85’pounds per second, which
Is 95 percent of the dee~gn value. The ef~ectlve flow area is
87.5 percent of the actual value. The assumption of free-vortex flow
and
the

..

uniform axial velocity is therefore
air-flow-pressureratio relat$on of

unsatisfactory
the turbine.

for estimating

.
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.

.

.

..

Thus the underturning of the air is almost exactly accounted
for by the blockage of flow at tileblade root with the design value
of moment of moiientmn. This underturning may be explained by
assuming that most of the build-up of the inner boundary layer takes
plaoe after discharge from the nozzle by flow toward the suction
surface of the blade, which projects beyond the guided channel
section. The main effect of these phenomena is to increase the
axial-velocity components over the part of the blade just outside
the shroud boundary layer and to reduce the air flow from the design
valua. The poor angle of attack at the rotor blade roots is
relatively insignificant because of the small part of the flow tn
that region, but the deviations from design an@es are relatively
eign$ficant in the potential-flow region ad~acent to the inner
shroud. Accurate design procedure requires the development of a
method of predicting these .effqctsnear the slxroud*

Turbine Pe.@ormance

The relation between the corrected weight flow of the

turbine W3/@,3@T,3) the corrected turbine rotor speed n/=,

and corrected isotropic enthalpy drop ~8/g~T,3 ie given ’in
figure 14

where ,.

ma isentropic enthalp~ dro? through turbine, (ft-lb/slug)

AH enthalpy drop through turbine, (ft-lb/sltig)

n rotor speed, (rps)

w weight flow of gas through compressor or turbine, (lb/see)’

e square of ratio of sonic speed to sonic speed for normal
air a2/ast2 (referred to as corrected temperature ratio)

~2
e “~. ym=

%lt ystR~tTst

0 ratio of density to normal ‘gasdensity, Q/Pst

.
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Subscripts: , ,.

1 compressor-intakecondition

2 compressor-dischargecondition

3 turbirie-intakecondition ,-

4 turbine-di&chamge condition

St standard-ai~ condition

Figure 14 shows that “theturbine Imhavos ~.ikc~a nozzlo with no effect
of rotative speed. me deeign point computed on the ass~m’Rtionof
an efficiency of 0,90 i.selso shown. Tho w~ight flow at design pres-
sure drop is about 96,4 percent of the design value, rather than
95 percent as predicted from tha cascade performance; the agreement
of flow predicted from caecado data wtth turbine performance Iflgood.
This increase in air flow may be caused by the influence of the
rotating set of buckets, which might r~nder the inner boundary layer
unstable and thus destroy it. This influence may be felt to some
extjentby ijhe layer just downstream of the first row of nozzles) which
becomes thinner and th~s reduces the flow obstruction. I’igure15
shows the corrected isentropic enthalpy drop of the air as a function
of the corrected enthalpy drop; the efficiency contours are straight
dashed lines through the origin of slope equal to the reciprocal of
the efficiency. A peak efficiency of 0.875 is noted. The enthalpy
curves show nearly constant efficiency over a wide range of speeds
and power outputs. At the design value for speed and work outpdt
per pound of air, the efficiency Is 82 percent rather than 90 per-
cent, which was used in the design process. At tho corresponding
Isentroplc,enthalpy drop, which is 90/82 times the design value, the
air flow is only 1.7 percent lower than the design value of 6.18 pounds
per second. This design potnt is also shown on figure 14. When tha
turbine operates in the englno, it will handle slightly more gas
than indicated from these data because of the expansion of’the
clearenues under the action of the hot gains. The agreement botwoen
design and actual air flow at design work output can therefore be
ragarded as satisfactory.

A pl.otof the over-all turbine.performance in figure 16 shows
a corrected torque parameter plotted against a corrected weight-flow
parameter, both of which are useful in finding the matcl~ingand
interaction of the turbine and the compressor as components of a Jet
engine. Lines of constant corrected rotor speed and OT constant
turbine efficiency are shown as well as the locatlon of the design
point, for which the design speed is 134.1 revolutions per second,

.

.
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whereas that shown “m the chart Is 135.7 revolutions per second.
The design point is not the point of highest efficiency inasmuch as
this efficiency was about 0.823 as compared with the peak value of
0.875 at a speed of 180 revolutions per second. This discrel~ancy
in speeds indicates that ananalytical detemnination of efficiency
Is required in order to produce the 4ost effective designs with
minimum losses at the design point. A large range of high efficiency
is available, however, for use at points other then the design point.

TURBINE.COMPRESSOR MATCEUNC

The turbine characteristics are now used to detemmine how well
they match the characteristics of the compressor with which the
turbine is to be used’. The turbine may he expected to behave some-
what different~than predicted by the cold-air data whetiinstalled
in the engine and taking the hat products of the combustion chamber
because of a clearance expansion, a nonuniform temperature distrj.-
butlon in the inooming stre’ti,and the combustion in the turbine
In some conditions of operation”. Another difference may be
expected because the data available for tilecompressor were obtained
with a scroll dfscharge collector rather than th~ axial discharge
collector that will be used in the engine. Another unknown is the
combustion-chamber total-prdssure loss, which is assumed to be
5.percent of the absolute total pressure delivered by the compressor.

Relation between Turbine and Compressor Variables

The matching of the turbine and the compressor components of
the engine is determined by related parameters of the compressor
and the turbine. For example, the speed of the turbine is equal to
that cf the compressor and the relation between the corrected speeds
Is

——

n n la
— = .—.

qr–‘T,l q-v‘T,3 ‘T,l
., ,.

(6)

Compressor and turbinb gas flows are related-by the.equatton

where f“-i8 the fuel-air ratio. Then “

Wln W3n CT,3 ‘T,3—= -
~T,2eT,2 1 ~f~T,3eT,30T,26T,2
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Because

and

then

Wln 73PT,3 W3n
—=

e2‘T,2 T., 72PT,2(1 + f) ~T,3eT,3
(7)

which relates the turbine and the compressor’ga’sflows in terms of
parameters that are reduced to standard-air values,

The power equation is

‘1(%,2 - ~,1) ‘PA =,w3(~,3 - %,4)

or

WIAHc + PA = W3AH

where

‘A
auxiliary-power consumption (bearings), (f’t-lb/see)

Thib equation’can be converted Into a.relation between the compressor
and turbine torques in corrected variables.

For the combustion chamber, the pressure-loss function can be given
in the form

‘T,2 ‘pT3

( ~ ~~~

~12

pT>2
a function of

)
)WI,f

PT,2PT,2
(9)
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and the combustion efficiency

17

%%, 3 - WIELj~ - fWIHc

Wlfh
.

(lo)

‘n.=fl?nctionof (X,3, conditions,at station 2), (11)

= function of (f~ conditions at station 2)

where. ...

Hc enthalpy of fuel entering combustion ohember’,(ft.lb/slug)

h heating value of f’uel,(f&lb/slug)

Compressor and Turbine Matching Charts

Except for small”corrections for-the fuel input, bearing
power, pressure loss In the combustion chamber,and change in 7
from station 1 to station 4, the torque parmeter WAH/n@ from
equation (8) is the same for the turbine and for the com~ressor
‘underany engine operation condition. The same equality holds for
the air-flow psrameter Wn/crO,as equation (7) shows: If the turbine
and the compressor performances are plotted in tezms of these vari-
ables and the chrts superimposed, one point indicates both the ‘
turbine and the compressor operating state when they are operating
es components‘ofa ,jetengine. A chart of the compressor perfozvn-
ance in terms of these va.riabl.esis shown in fi.~re 17 for constant

i—
The&e data were obtained.from references 2V&hKW Of n/J @T,l” .

and 3 with a ‘scrollcollector on the compressor. Some difference
is to be expected between the performance so determined and the
performance of the compressor when straightening vanes are substi-
tuted for the scroll for use in the engine. A similar chart for
the turbine is shown in figure 16 for constant values of n/q]~.
If the charts fez-the tur%ine and’the compressor are superimpose~,
it can be seen whether the high-efficiency region for the turbine
overlag% the high-efficiency region ~or the compressor. If they

. do not, the resultant jet engine is prevented Pro?greaching itq.,
maximum possible efficiency.

. .
The over-all engine performance can also be estimated from these “

charts and the relation of each component to the over-all engine



performance can be determined. ThiQ
appropriate modifications of turbine
over-all engine performance. First,
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relation will indicate the most
and compressor to obtain better
,@r.qqghapproximation is made

by aesuming no bearing losses, no combustion-chamberpressure loss,
and no fuel added. If a value for the corrected temperature
ratio ‘9T,@T,l is assumed, the ratio of turbine to compres8cw
speed is fixed for this value of eT)3/6T,l by equation (6). By
superimposing the two chart? and choosing a particular compreesor-
speed line, the intersection of this line with a turbine-speed line
having the correct ratio of turbine speed to the comp~essor speed
determines an engine operation point. The choice of another compressor
speed, determines another point. It is possible in this manner to
obtain an operation curve for each temperature ratio. Air flow and
air state discharged from thecompressor can then be obtained for
each operating point. The engine characteristicsare now refined
to take into account losses and changes in gas properties. The
bearing power PA may be found from the operation speed. Then
approximately

(12)

l&om the data on the compressor-dischargeand the burner charac.
teristics, rI and f can be computed from equation (11). This
value of f with O ,3/(3T,~ and

7

~,1 permits the determiqatj.on

@ Y3/71 and TT,3 TTil. Sufficient data are then available to
find the VdUE) Of ~)3/pT)2.

The turbine torque and air-flow requirements may now be computed
to include the @?fect,of compressor, combustion-chamberpressure loss
and efficiency~ and bearing requirements by the application of equa-
tions (7) and (8) for several points on each compressor-speedcurve.
These points are connected by a curve frx a given speed. The inters-
ection of,these ourves of turbine requirements with the proper
speed curves of turbine performance gives turbine operating points
that can be corrected by equations (7) a“nd(8) to give the corres-
ponding compressor operating points. These results should be of the
desired accuracy but should be checked to See that they fall on the
original compressor curve. Equation (12) ie used with the burner
chart (equation (11)) to find f. , A check on the’accuracy is
possible by recomputing the intersection points with the new value
for f and improved values for the bearing correction and p~)3/pT,~0
In the example being,computed, it was assumed that n = 0,9
and ti~,+&,=~.65. Me bearings were assumed to-use-a torque ‘
of 7 inch-po~nds and the compressor entrance’conditions corresponded
to an altitude of 30,000 feet and ram at 470 miles per hour.

,-

.

.

.
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The compressor operation.curvesfor constant corrected temper-
ature ratio eT 3/t3T1 are shown in figure 18 and the corrected
temperature ratio li~es are shown on the turbine chart (fig. 16).
The compressor and the turbine are not perfectly matched as shown
in figure 16 by the fact that,none of the 6T,3/eT,~ lines pSSS
through the region of max@mm turbine efficiency. The highest
compressor efficiency is being used when 8T,3/gT,l ‘=3.5
and n/@~ = 274 revolutions per second. Under these conditions
the turbine is operating at anefflciency of only 0.82. These
operation curves covsr all modes o? operation of the engine with ,-
arbitrary rem and eydiaustpressures and discharge-jet nozzle sizes,
but only a smell part of the entire turbine performance range of
good efficiency, Tests of this jet engine as’a complete unit there-
fore cannot be expected to cover a range large enough to indicate
where the region or peak turbine efficiency is and whether the
components.auewell matched., ,.

The effect of the discrepancies between design estimates and
turbine performance on engine operation are minor insofar as the
effect on compressor operation states are concerned, because of
good correlation between air flow estimat6d and mea5ured at the
design value for turbine work per pound of air at design speed.
These three variables are enough to.determine that th~ compressor
will operate at design air-flow conditions for the desired speed
and temperature ratio. Because the turbine pressure ratio is not
close to the estimated value under these circumstances (measured
efficiency, 0.82; desj.guedefficiency, 0.90), less pressure will be
available for the jet nozzle, which must therefore be larger than
first estimated.

. .
Jet-Engine Performance Computations

In order to compute the jet-engine performance at a given
altitude and speed, the ram pressure (generally corrected for duct
losses but not in this example) and the temperature at the compressor
inlet are computed aqd from them

i–
‘/. ‘T,l / are~d pT,~ po

determined. V is the flight speed an PO the free-stream pres-
sure. The set pressure ratio is

2224= pT,l pT,4

Po pO pT,l. ,,..

where PT 4/?T,l is presumed known from pr,eviousengine computa-
tions. 1$ the value of 74 and TT,4 are known, the corrected
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wliere”the’subscript ‘5 indicates’nozzle’cond.ittons.!lhe’minute
effect of variations in y during the.nozzle expans,i:riprocess is

neglected.’ The compressor oharacteristi.cegtve
1“—-,and f

‘,.).

is kn~wn.for.each
“,

~T,l~eT,l
point. Thc”correctedt.hrust,is

,, ,.

The ‘correctedpower is

P 1 ( YV“,, ,’ F= —. Y
55CI —

‘i
‘T,l~T,l

‘, (hp)

‘%,1,. /

The’corrected speoi~ic tlrru.s$is J “

/

( )/[F

‘T,l@TJ.
_3N30[’.=)(*] (M3,1b,hr,

And the specific fuel consumption is “ ““

...
~ :~;l)(*) “(lb),(hP*) : “

3600 \~

p. ‘1’, ., . -- . ..-.’
~2, ...,.’ .

‘T,l(eT,l~
,. ,, i
,..::,.,

From the weight flow and the’discharge conditions, the area of the
thrust nozzle can also be computed.for each,opera~ton point and the,
oori%ctnbzzle~.selected‘fov atiydesired operation condition.

.,, . ,, ..
,.. .’,‘,’. ,..,.
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The computed engine performance is shown for zero flight speed
M figure 13(a), which gives corrected static thrust and corrected
specific thrust for constant values of corracted rotor speed and
00rrOCted temperature-ratio. A simil= chart is shdwn in fi~-
ure 19(b) for a flight speed of 470 miles per hour at an altitude
corresponding to the same compressor-inlet pressure. At the same
Ylight,speed and alti.tude,figure19(c) shows the specific fuel
consumption instead of specific t%rust. me minimum estimqted
specific fuel consumption’at 470 miles per hour is 0.885 pound per
horsepower-hour at 550 pounds corrected thrust, a temperature .
ratio of 3.35, a compressor speed of 274 revolutions per second,
and pres’sureratio of 4.4.

An es’cimatewas made of the chan~e in performance fo??an improve-
ment in the matching of the turbine wtth the compressor. ,Atthe
point where the static th$ust was 788 pounds and the specific thrust
1.024 pounds per pound per hour, the compressor speed was 289 revolu-
tions per second, the”corrected temperature ~atio was 3.5, and the
turbine efficiency, 0.82. The assumptQn was made that the changed
turbine gave the peak efficiency of 0.875 at that corresponding
point on the turbine mniching chart. The thrust was increased
to 826 pounds and the specific thruet to 1.073 pounds per pound per
hour, ‘animprovement of 4.7.percent. The improvement at 470 miles
per hour was about 4.7 percent in all performance parameters.

A study of the problem of engine adjustment for better matching
is required i.norder.to apply the kpowledge gained from ‘thematching
charts. The manner in which the turbine and compressor performance
characteristicsmust be altered in .orQerto get an exact superp-
osition of the maximum efficiency regions cf turbine and compressor
with optimum engine performance must be detemned.

Other Applications of Matching Charts

The matching charts described can be applied to engines other
than the simple Jet engine. Essentially the jet engine is a hot-
gas producer, for which the matohtng charts will detemnine the
state of the discharged gas. H this gas is discharged into a
reheater and frcm there into a power turbine, the matching charts
can be used to find the over-all performance for an engine of this
tyye. In the general case of the propeller-set power turbine, a
chart $imtlar to the simple Jet-engine chart may be used with dif-
fare~t vertical shift of the scqles for each value of propeller
torque.
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Another type of generallzat~.onis possible by the use of
different matching functions. For exenplo, if the turbine %s geared
to the compressor, the geazrafto may +eso incorporated into ‘the
functions that the turbine and “compressorfunct~ons match. The
engine with a single power turbine and no Jat power may be studied
by use of the isentropic-enthalpy-drop’factor instead of the torque
factor, which permits a ~tchlng of the pressuro drops. ~ this
case, a vertical logarithmic 6oale is adviaetibecause a simple shift
in the vertical direction will give matching requirements with
various ram-pressure ratios.

SWARY OF RFSUItTS,,

The,following re’suitswere obtained from an investigation of
the performance with COM air of the MACA two-stage turbine and the
first stator-rhg cumpotient:’
,. ,.

‘1. The stream~fi.lamentmethod of chocking turbine-blade pres-
sure distribution gave blaclevelocity distributions that generated
boundary -layersof momentum thickness of about 0.0037 inch,for the
suction surface. This thickness was only,about 12 percent of the
trailing-edge thickness of the’blade, which is 0.030 inch,

2. The energy loss In thewake of the blades engendered by the
blade.edge.andboundary-layermomentum thickness caused an estimated
decrease In turbine efficiency of 0,2 percent.

3. The boundary la~er”at the Shrouds built up,to some extent
inside the channel.se@cion of the nozzle but mainly downstream of
the nozzle throat. This procos~ was activatsd chiefly by the low
pressure on the projecting surface of the blade,

4. The boundary layer on the stationary inner shroud was thick
compared with that on the outer shroud, stable, and built up down-
stream of the blade row. The boundary layer on the outer shroud was
thin, unstable, and decreased in thickness as the distance down-
stream ;ofthe cascade increased.

5. The boundary layer at the inner shroud blocked “partof the
flow area and.established high axial.velocities in the region
adjacent to the inner boundary layer but downstream of the cascade.
The boundary layer,apparently had no other effect on the velocity
distribution indited by the blades.

.
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6. The effective annular area was about 0.875 of the actual
erea. At the design pressu-re’ratiojthe computed flowwas 0.95 and
the measured flow 0.964 of design., At dest@ entMIPY drop) the
flow was 0.98 of the design value. Tliedifference between’the flow
reduction end the area reduction was probably caused.’bythe-build-up
“of the boundary layer of the i~er shroud on the projecting suction
surface ‘ofthe blade”without greatly’,a$fe,ctingthe’fluw iu the
nozzle throat. .:..- ,.,

7. At designvalue. of the.tomue and’mrr?cted product of air
flow and speed, W3n~T,3@T,3 (where 0 and 6 are the density

and temperature corr”ectibna,rsspe~tive.ly)the speed was 135.7 revo-
luttons per second instead of the design value of 134.1 revolutions
per,second. The efficiency at this point was 0.823 as.com~arad
with tbe peak of 0P875 at”a speed”of MO revolutions p:r.second:
which was the principal discrepancy between the design”,and”t”h’e
measured results.

,..,,.

,8. A set of charts ’wasilevel~pod,which permi~ted an eakhmto
to be made of jet-engine performance fyom.’bhoperformanc~ df”its
components and to’determine the degree of nlatchirig,of’.thecomponents.

9. The matching charts showed that,tllebest compressor-
efficiency region did not cotnqide with the hes$ turbine-efficiency
re”gionwhen the two components were used as ‘ajet engtne. .The peak
compressor efficiency was 0.84 and the peak turbine efficiency 0.875.
TM peak compressor efficiency occurred at a corrected temperature
ratio of 3.5 and a corrected rotor .speedof 274,revolutions per
second. At tlnispoint, the %urblne operated at an qffi.citicyof
only 0.82. The point of minimum specific fuel consumption of the
engine at 470 miles per hour and 33)000 febt is 0.87 pound per
horsepower-hour with a corrected thrust of 430 pounds.

10. An estimate of the improvement tn over-all engine perform-
ance was made for engine operation at a corrected temperature ratio
of 3.5 and 289 revolutions per second corrected engine speed, under
the assumption that the turbine could be adjusted to operate at fts
peak efficiency of 0.875 instead of the estimated operating effi-
ciency of 0.820 for this engine condition. The tipravement in
engine performance was about 4.7 percent for all parameters at
flight speeds of O and 470 miles per hour. This improvemcmt mi@t
be regarded as available through improved matching of the two
engine components.
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COIIJCLUS1ONS

This investigation indi.cmtedthe probable general validity of
the following ooncluslons:

1. The stream-filamentmethod of checking turb~.ne-bladeprcs.
sure dldribution pr”ovedsatisfactory for obtaining hiflhsolidity
blades in Q pressure-drop flow without thick boundary laYerBo
Discharge guidance In the blades gave desired average moment of
momentum, but irmorrect.anglee near the blade roo~s~

‘2. The assumption of free-vortex flow and uniform axial
‘veloditybetween blade rows is”Inadequate for estimating flow
angles or weight-flow premure-ratio relations but is satisfactory
for estlmathg weight-flow work-output relations and 1s therefore
satisfactory for estimati~ the operating po~.ntof the comPress~r”
For accurate design, the area blocked by the boundary layer in tke
nozzles and the radial flow oaused by the bouniiary-layer’thickening
downstream of the stators should be taken into account. Some method
must be evolved for predicting these effects from desire data.
Thick boundary layers are’not expected downstream of rotors.

3. Design of turbine blades on the assumption of free-vcv’’bex
flow does not insure the occurrence of peak dftciency at the design
point.

Flight Propulsion Research Laboratoryj
National Advisory Comnlttee for Aeronautics,

Cieveland, Ohio, June 6, 1947.

.,

.
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AFPENDIX A

SYMBOLS

The following symbols are used

effective flow area downstream
!gqft

sonic velocity of gas, ft/sec

in this i-eport:

of first turbine

,’

stator rpw, “

standard-air sonic velocity, 1116.3 ft/sec

gas velocity, ft/sec

mass average aXial velocity component, f%/sec

specific heat of gas at constant pressure, ft-lb/slu$/°F

fuel-air ratio

thrust of en@ne, lb

standard”gravltationaiacceleration, 32,.174ft/eec2

enthalpy, ft-lb/slug “

heating value of fuel, ft-lb/slug ‘

mass flow in annul~s bounded by inner shroud of turbirie“and
radius r, ~o/sec

rotative speed of turbine, rps

thrust horsepower of jet engine

gas pressure: lb/sq ft .,

auxillary-power consumption (bearings), ft-lb/sec

gaa constant, ft-lb/(slug)(OR) . . .

radial distance from axis of rotat~on, ft -.

gas entropy, ft-lb/slu~/OR ,.”
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,.
blade pitch, ft

gas temperature, OR

blade trailing-edge thickness plus momentum thickness of
boundary Myor, ft ‘

t/s Cosqf

flight speed, ft/sec

weight flow of gaa, lb/see

a2/ast2

ratio of

momentum

specific heats of g+e, cp/cv

thickness or bound.a~ylayer, in.

stagnation

isentropic

stagnation

entnalpy rise in compressor, ft-lb/slug

drop in stagnation enthalpy through turbine, ft-lb/sl.ug

enthalpy drop In turbine, ft-lb/slug

angle between normal tq
or discharge angle of

gaa density, BMg/ft3

caecade axis aqd flow direction of gas
etator blades, deg

standard air density, 0.06~378 shg/ft3

l#P~t .,

combustion-ohamberefficiency

Subscripts:

Q free-stream condition

1 compressor-intake condition ,

2 compressor-dtechargecondition

3 turbine-intake condition
.,’

4 turbine-discharge condition
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5

a

N

r

s-t

‘s

t

u

propulsion nozzle condition

axial velocity component

condition in nozzle throat of blade cascade

blade-root condition

standard-air condition

stagnation condttion

%lade-tip condition

ta~ential velocity cGmponent

. .
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APTENDIXB “ ~
...,

CERAILING-EDGEMOMENHJM LOSS

A uniform parallel flow of gas with pressure PN, tempera-
ture TN, density PN, and velocity GN ‘$lowf3between an infiqite

set of straight vanes of thickness t, pitch (slow cascade RXIS) S,
and angle C~N
gas dlschargee
of P, T, p
component Ca
tion is

.-
with respect to the normal to the caecade axis. The -
into a space with no vanes and attains afinal state
with direction angle cp and velocity c of axial
and tangential component, cu. The continuity equa-

The fraction of flow area blocked

‘t
Cos cpN)=peas

is

ktf=-
E3 Cos TN

and

The

the continuity equation Is

momentum equation for components normal to the cascade axis is

P~ -pa= (pens Ca - C~ COS9~) = PSCa 2(1-%) (B2.)

.

Because the flow is isoenergetic

(B.3)

The
integral

loss in available energy is

Loss per slug

measured by the heat-dimipation

J

s
of fluld = TdS (B4)

s~

.

.

.

.
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where S is the entropy”. I&om therm&&mi c8,

.“,

29

(B5)

The momentum equation for components aldng theoas~ade reduces to

c~ sincp~~= Cu (B6)

setting it equal to

speoific volume between

,,
\

. . . (B7)

Substitution of this relational wellas equations (B3) and (B6)
$nto equation (B5) gives

r
2-ca2 ~a2

J
TdS =

‘a,N
2 (“-%% -1)(’+6) ~2

The quantity Ca,N is elhni~ted by means of’the continuity equa-
tion (Bl)

.



so

?rornthe equattons of state, energy, and

P - pN = R(PT - pflN) = M(O -

(
RPN ~N2

=RT(P - C$J)+ ~
P’

NACA

continuity

PN) + RPN(T -

TN No, 1459

TN)

2

[()

2

P- ??M= RII?(P- PN) + RPN ~ y_ 1. 1-1P ‘N (I - tf)z

When this pressure difference is equated to that found from the
momentum equation and p/pN is eliminated by use of the variable

[
(p/pN)/(~- tf)

1
- 1 a quadratic equation is obtained with the

exact solution P T

tf

4~ t. %2

the approximate solution is

13q~ation(B9) is substituted in equation (B8) together
for the first faotor to obtain the approximate answer

J

.

.

(B9)

with P/PN = 1



(,),
2

‘f

[

tf

J

Caz ~1- 1 - tf
TdS .7 1(1-tf) 1+~—

L 1 - ybfa2(l.- k) . y(l - ~) ~=z

,
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Figure 2. - Fi rst st ator ring of NACA two-stage turbine.

Downstream view.
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Figure 3. - Second st ator ring Of NACA two-stage turbine. Upstream v
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Figure 4. - Third stator ring of NACA two-stage turbine. Downstream view.
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Rotor of NACA two-stage turbine.
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